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Glossary

AX
arabinoxylan(s) WEAX water-extractable arabinoxylan(s) WUAX water-unextractable arabinoxylan(s) A/X arabinose-to-xylose ratio dXyl disubstituted arabinoxylan molecules mXyl monosubstituted arabinoxylan molecules uXyl unsubstituted arabinoxylan molecules TAX total arabinoxylans GC-FID gas chromatograph-flame ionization detector highly substituted regions contain high proportions of disubstituted xylose residues (dXyl) along with segments of contiguously monosubstituted xylose residues (mXyl), which are separated by segments that are less highly substituted, containing blocks of unsubstituted xylose molecules (uXyl) (Izydorczyk and Dexter 2008) . These highly substituted regions are hypothesized to be 20-25 residues in length, interrupted by segments of five or more uXyl residues (Courtin and Delcour 2002) . On average, mXyl makes up approximately 21% of all xylose residues, dXyl 13%, and uXyl 66% (Saulnier et al 2007) . The majority of the mXyl residues contain the arabinose substituted on the third carbon, with only a small percentage of substitution occurring on the second carbon (Saulnier et al 2007) .
The influence of differing proportions of uXyl, mXyl, and dXyl on the heterogeneous nature of AX molecules is as yet unclear. One study demonstrated the constancy of mXyl levels, with the uXyl and dXyl exhibiting the greatest impact on differences in the overall substitution level of AX molecules (Dervilly et al 2000) . Similarly, it was the dXyl level that was the most influential variation in A/X ratio across both WEAX and WUAX (Ordaz-Ortiz et al 2005) . The prominent influence of dXyl was confirmed by Delcour et al (1999) in that a decrease in A/X was associated with an increase in uXyl and a decrease in dXyl, with a near-constant proportion of mXyl. In contrast, Cleemput et al (1995) observed a simultaneous decrease in the proportions of uXyl and mXyl as the proportion of dXyl increased.
Between one-quarter and one-third of the AX molecules in wheat flour are extractable in water at room temperature; most of the remaining WUAX can be extracted in alkaline solutions. The reason WUAX is not water extractable is not fully understood, but several factors may contribute, including substitution level, substitution pattern, molecular weight, aggregation of uXyl regions, and particularly diferulate linkages. Another proposed hypothesis is that a higher degree of substitution in the AX molecule can cause greater physical entanglements and may result in a lack of extractability in water (Lineback and Rasper 1988) . Several enzymes are capable of cleavage at various points in the AX chain, depending upon their mode of action and the specific linkages present that are capable of being cleaved (Fig. 2) .
WEAX and WUAX each have several distinct features but also some structural similarities. The polydispersity indices are about 1.7 for WEAX and 2.0 for WUAX (Saulnier et al 2007) , indicating a high level of structural heterogeneity in both AX fractions. The molecular weight of WEAX, ranging from 200,000 to 300,000, is lower than that of WUAX (Saulnier et al 2007) ; this distinction is consistently reported across numerous studies comparing these two AX fractions. This lower molecular weight is also thought to confer higher levels of solubility (Courtin and Delcour 2002) . One suggestion as to the difference in extractability is substitution level. Philippe et al (2006c) cited a higher arabinose substitution level in WUAX compared with WEAX. Not only the substitution level but also the pattern of substitution has been posited as the primary difference between fractions in wheat flour. Ordaz-Ortiz et al (2005) observed more mXyl residues in WUAX but similar levels of dXyl residues between the two fractions. Conversely, it may be aggregation of large sections of uXyl, stabilized by hydrogen bonds, that results in an unextractable fraction (Courtin and Delcour 2002) . These highly unsubstituted regions may be able to align with each other and form aggregates that are not soluble and, thus, are unextractable in water (Courtin and Delcour 2002) .
In one study, the endosperm WUAX was observed to have a higher A/X ratio than the WEAX extracted from the same tissue sample. This higher A/X ratio would be expected to result in higher levels of water solubility, but a high proportion of chain-chain cross-linking through ferulic acid prevented the extraction of the WUAX molecules (Saulnier et al 2007) . One proposal for the most heavily determinant factor in water extractability of AX was the formation of dehydrodiferulic bridges (Saulnier et al 2007) . Despite considerable evidence that more arabinose substitution tends to indicate solubility in water, removing the arabinose moieties led to aggregation and subsequent precipitation of the AX molecules, rendering them unextractable in water (Saulnier et al 2007) .
AX molecules are structurally highly heterogeneous across the different tissue layers of the kernel. The AX in the outer pericarp, scutellum, and embryonic axis are characterized by a high level of substitution, which appears to confer a lower degree of water extractability in these layers (Delcour et al 1999) . Conversely, the aleurone and hyaline layers have AX molecules with much lower levels of substitution (A/X: 0.3-0.4) (Philippe et al 2006b) . Also characteristic of these layers is a high proportion of WUAX molecules that are highly esterified (Saulnier et al 2007) . Overall, AX molecules in central endosperm cells tend to be less highly substituted than those in more peripheral cells (Philippe et al 2006b) . Despite the anatomical position of the seed coat, AX molecules in this particular part of the kernel are made up mostly of WUAX, the majority of which is not highly substituted (Barron et al 2007; Saulnier et al 2007) .
Along with basic differences in substitution level, the specific type of substitution and patterns along the chain appear to vary greatly throughout the wheat kernel as well. Because the bran is mostly composed of the pericarp, the bran is generally considered to contain highly branched AX molecules with a high proportion of dXyl, which gives rise to the high A/X ratio of this particular layer (Saulnier et al 2007) . Aggregation of these infrequently occurring AX molecules having low levels of substitution makes them difficult to isolate and characterize. These experimental difficulties have created a gap in understanding, compared with the high level of analysis performed on more highly substituted AX molecules (Schooneveld-Bergmans et al 1999; Saulnier et al 2007) . In the endosperm, the biosynthetic mechanisms appear to favor dXyl residues (Saulnier et al 2007) , which accounts for the high A/X ratio (0.5-0.6) in the endosperm (Philippe et al 2006b) .
The conformation of AX molecules that participate in chainchain interactions with other macromolecules and the solvent (water or other liquids in an end-product formulation) heavily influences the physicochemical properties of these polysaccharides (Saulnier et al 2007) . The unsubstituted AX chain is a flexible, left-turning helix containing three xylose residues per turn (Courtin and Delcour 2002) . Quite possibly, it is the distribution pattern of arabinose along the backbone that is more important in determining the physical properties than the degree of substitution per se. This importance of substitution pattern may be because the distribution pattern is the factor with more influence over the molecular conformation of AX and also heavily influences the ability of AX to interact with other molecules (Andrewartha et al 1979) . Despite the limited influence that substitution may have on molecular conformation, the steric hindrance conferred by the substitution limits the aggregation of AX molecules. Conversely, other AX molecules (those that have a high level of uXyl blocks) have features that encourage intermolecular associations and cause higher levels of aggregation and cross-linking (Izydorczyk and Biliaderis 1995) .
Ferulate Linkages
Ferulate is relatively rare and typically represents about 0.5% of AX by weight but has dramatic effects on AX molecular weight and solubility, as well as on viscosity and gelation of wheat batters and dough (Saulnier et al 2007; Bunzel 2010) . Monomeric ferulate, found linked as an ester to the O-5 of the arabi- nose unit (Fig. 3 ), can undergo cross-linking to form diferulates and oligoferulates in cell walls of living cells (Iiyama et al 1994) . Monomeric ferulate is far more abundant than diferulates in most plant tissues (Barron et al 2007) . Ferulate dimers and oligomers can be quantified and identified by both HPLC and GC methods (Barberousse et al 2008; Dobberstein and Bunzel 2010) . Ferulate can also form covalent linkages with lignin and proteins ( Vansteenkiste et al 2004; Barron et al 2007; Bunzel 2010) . Biologically, ferulate cross-linkages are probably important defenses against pathogens and insects (Bunzel 2010) . Diferulates form in the presence of H 2 O 2 and peroxidase, following abstraction of the phenolic hydrogen and resonance-stabilized radical (Bunzel 2010) . Multiple diferulate and oligoferulate linkages are observed. Formation of the dimers and oligomers in vitro is accompanied by gelation of polysaccharide solutions (Bunzel 2010) . Bunzel et al (2001) analyzed diferulates from soluble and insoluble dietary fiber from nine types of grains, including wheat. AX from insoluble fiber contained 8-39 times more total diferulates than AX from soluble fiber, confirming that the distinction between soluble and insoluble AX fiber is associated, at least in part, with diferulate linkages. AX, ferulate, and oligoferulates are most abundant in the bran layers, including the aleurone and pericarp (Barron et al 2007) . Di-and triferulates were highest in the outer pericarp, consistent with it being a critical barrier to pathogens. Ether-linked ferulate was also most abundant in the pericarp layers, indicative of AX-lignin linkages (Barron et al 2007) .
AX During Wheat Grain Development
Wheat kernel development can be divided into three stages: the completion of cellularization, beginning of cell differentiation, and beginning of maturation (Philippe et al 2006b) . AX molecules are deposited in the cell wall through vesicles and merge with the plasma membrane (Philippe et al 2006c) . The AX molecules first appear at the cell differentiation stage and are more highly substituted at the beginning of cell differentiation (Philippe et al 2006b) . The ferulic acid substitution that occurs in AX molecules increases during the grain-filling stage, especially in the aleurone layer (Philippe et al 2006a) . Along with substitution differences throughout development, AX molecules in the central cells are also less highly substituted than those in the periphery (Philippe et al 2006b) . Throughout grain development, continuous spatial and temporal changes occur in the biosynthesis of the cell wall polymers, including AX molecules (Saulnier et al 2007) . The differences in AX structure across different tissue and cell types suggest that the fate of the cells is genetically programmed prior to development (Philippe et al 2006a) . Desubstitution of AX over the course of kernel development is likely the result of arabinofuranohydrolases (Philippe et al 2006b) . In barley, which is often used as a model similar to wheat, AX was detected at a ratio of 4:1 of substituted to unsubstituted AX, but over the course of coleoptile growth became desubstituted to a ratio of 1:1 (Gibeaut et al 2005) . A similar pattern and level of desubstitution is thought to occur in wheat throughout development. The solubility and transport of newly synthesized AX through the endomembrane system can be attributed to the high degree of arabinosyl substitution (Philippe et al 2006b) . Once the AX molecules become unsubstituted, they can potentially stiffen cell walls through hydrogen bonding with other cell wall polysaccharides (Philippe et al 2006b) .
This timing and the variation in substitution level among tissue types suggest that AX may aid in cell wall strengthening through interactions with β-glucans or formation of dehydroferulate bridges with other AX molecules or cell wall components containing tyrosine residues (Philippe et al 2006b) . The AX formed with very low levels of substitution may help to stiffen cell walls through hydrogen bonding with other polysaccharides as well during the critical developmental stages of cell differentiation and elongation (Izydorczyk and MacGregor 2000) .
Genetics and Environment
Total AX (TAX), WEAX, and WUAX composition are influenced by genetics, environment, and their interaction. The relative importance of these factors in any given study is a function of both the genetic diversity of varieties studied and the diversity of environments sampled. An overwhelming majority of studies indicate high levels of heritability of TAX and WEAX (Hong et al 1989; Saulnier et al 1995 Saulnier et al , 2007 Lempereur et al 1997; Finnie et al 2006; Dornez et al 2008; Li et al 2009) . In contrast, Andersson et al (1993) observed that the effect of environment was greater than or equal to the effect of varieties. Li et al (2009) did not observe a notable environmental influence on TAX content in hard spring wheat but observed more environmental variation in WEAX content. Along with a high level of genetic control over TAX and WEAX, Finnie et al (2006) also observed some environmental contribution to the variation among cultivars from different growing locations. The genetic versus environmental contribution also varied with market class and whether the sample was white flour or whole-grain meal; genetics more heavily influenced TAX content in soft spring wheat refined flour, but environment made a larger contribution to TAX content differences in soft spring wheat whole-grain meal. In soft winter wheat, there was a similar contribution of genetic and environmental influences in both refined and whole-meal flour types (Finnie et al 2006) . Very little environmental influence was observed in WEAX content; genetic control predominated (Finnie et al 2006) . For WEAX, variation primarily resulted from genetics, which was not the case for TAX (Dornez et al 2008) . Saulnier et al (2007) observed a similar phenomenon across 90 wheat lines: higher variation in WEAX than TAX, with the high heritability of WEAX attributed to multiple genes. High heritability coefficients for both WEAX content and A/X ratio were observed by Martinant et al (1999) . Drought, heat, and water use efficiency are the most common environmental factors influencing AX content and composition. Although Lempereur et al (1997) observed a strong genetic influence on TAX and WEAX, water-stress conditions during the growing season resulted in higher levels of TAX. A positive relationship was also observed between TAX accumulation and drought conditions by Coles et al (1997) . The work of Li et al (2009) similarly suggested the importance of quantifying WEAX on the same genotypes across multiple environments to better understand the varied influence of genetics and environment on different wheat market classes and flour types (refined versus whole meal). High temperatures were observed to increase AX levels, WEAX in particular . The increase in AX concentration may have been the product of shrunken kernels (increased proportion of bran relative to endosperm), resulting from heat stress in this particular study . Wateruse efficiency also positively correlated with different AX fractions, which suggests that AX levels can be concomitantly increased by selection for an increase in water-use efficiency .
AX and Wheat Breeding
Because of the strong relationships among genetics, WEAX, and wheat end-use quality, considerable research has been devoted to identifying genetic loci and specific genes controlling these traits. A locus on wheat chromosome 1BL is clearly associated with WEAX content, flour extract viscosity, and bread quality in numerous studies, although other loci contribute significantly to these same parameters (Martinant et al 1998; Groos et al 2007; Saulnier et al 2007; Charmet et al 2009; Smith et al 2011) . A metagenomics analysis of genetic data indicated that several quantitative trait loci influence AX content, with the greatest influence exerted by the 1BL locus (Quraishi et al 2011) . Collectively, these studies provide valuable tools for wheat breeders to develop varieties with desirable AX properties and quality traits.
The enzymes involved in assembly of cell wall polymers and in the synthesis of AX constituents, arabinose, xylose, and ferulate were recently discussed in a comprehensive review (Saulnier et al 2012) . Candidate genes for AX and cell wall synthesis in developing wheat kernels have been identified using bioinformatic and transcriptomic approaches (Mitchell et al 2007; Pellny et al 2012; Shewry et al 2012) , and the roles of specific enzymes involved in AX synthesis in wheat kernels have also been demonstrated (Zeng et al 2010; Anders et al 2012) .
Quantification and Analysis of AX
AX are often quantified through colorimetric assays (Wheeler and Tollens 1889; Dische and Borenfreund 1957; Douglas 1981; Ford 1981; Bell 1985) and gas chromatography-flame ionization detection (GC-FID) (Gebruers et al 2009; Kiszonas et al 2013) . Some structural characteristics of AX can be determined by GC-FID (Gebruers et (Toole et al 2009) . For quantification, phloroglucinol has been the most commonly used colorimetric assay since its first description in 1889 (Wheeler and Tollens 1889) , as it can measure five-carbon monosaccharides. The method was later extended to quantify hydrolyzed pentosans (Krober 1901 , Krober et al 1902 . This general method was used with phloroglucinol as the reactant and a distillation step to capture furfural until 1957 (Dische and Borenfreund 1957) , when the distillation was eliminated, and the reagent concentrations and timing evolved into the widely used Douglas (1981) method. Thus far, this method is among the quickest, most efficient, and most cost-effective methods for the quantification of TAX and WEAX. The loss of colored product over time poses the greatest disadvantage to the colorimetric method, decreasing the consistency of the test by roughly 20% in 60 min (Douglas 1981 ) or up to 45% in 100 min (Kiszonas et al 2012) . Despite the time sensitivity of the colorimetric assay, it has been widely used for AX quantification in the area of cereal chemistry. Based on information provided by ISI Web of Science (Thomson Reuters, New York, NY), the Douglas (1981) method has been cited approximately 110 times. Rouau and Surget (1994) developed a semiautomated version of the assay.
The quantification of AX has been compared using colorimetric and GC-FID methods, with differences in the AX content reported among quantification methods (Kiszonas et al 2012) . Differences between the two methods may be, in part, because of the chemical reactions that are taking place in the two assays. The sample preparation and manner in which the samples are analyzed are markedly different, which could contribute to differences in the quantification of AX. Whereas the phloroglucinol method depends upon a chainlike series of chemical reactions and indirect measurement (Fig. 4) , the GC-FID analysis is a more direct analysis of xylose, arabinose, and other sugars that more closely resemble the starting chemical structure. Other possible sources of underestimating AX by phloroglucinol may include incomplete hydrolysis of the AX molecule into pentose sugar constituents to complete the reaction as well as the immediate degradation of the colored phloroglucinol product upon completion of hydrolysis. There are conceptually several different issues to consider: the hydrolysis of liberated arabinose and xylose and their reaction with phloroglucinol, the liberation of bound AX from seed tissue, and the particle size, tissue composition, and general accessibility of AX for reaction. The phloroglucinol method apparently underestimates TAX and WEAX contents compared with the GC-FID method. Other nonstarch carbohydrates such as arabinogalactans contribute relatively small quantities of arabinose in the phloroglucinol assay in wheat. The GC-FID analysis does allow for a correction factor based on small contributions to the arabinose content from arabinogalactans, strengthening the accuracy of the analysis.
AX Effects on Wheat Quality
AX have long been observed to influence baking quality (Izydorczyk and Biliaderis 1995; Morris 2000, 2007; Courtin and Delcour 2002; Ramseyer et al 2011a Ramseyer et al , 2011b . The high water-absorption capacity of AX (Jelaca and Hlynka 1971) creates a strong competition with other ingredients or flour constituents for water (Izydorczyk and Biliaderis 1995) . The gel that results from both noncovalent interactions and covalent oxidative cross-linking of AX has a strong influence over end-use quality (Izydorczyk and Biliaderis 1992; Bettge and Morris 2007; Stone and Morell 2009; Niño-Medina et al 2010; Ramseyer et al 2011a Ramseyer et al , 2011b . The gelation properties of AX are partially dependent upon the structural characteristics of the AX molecules involved in the cross-links (Niño-Medina et al 2010) . The density of crosslinking affects the ability of AX to bind water. Increasing crosslinkages increases the water-binding capacity of the gel network up to a maximum level, beyond which the water-holding capacity decreases (Izydorczyk and Biliaderis 1995) .
Solvent retention capacity (SRC) tests, originally developed for characterizing flour functional properties for soft wheat products (Slade and Levine 1994) , measure the sediment weight after mixing flour in various aqueous solutions, and they are commonly used in evaluating wheat flour quality for various end uses (Kweon et al 2011) . The sucrose SRC test is often referred to as an indicator of AX or pentosan content. WEAX, sucrose SRC, and viscosity are generally positively correlated with hard wheat (bread) quality and negatively correlated with soft wheat (cookie, cracker) quality (Guttieri et al 2008; Kweon et al 2011) .
Cookies and AX
In the case of soft wheat, the reduced water absorption of flours with lower WEAX and sucrose SRC is desirable for cookies and crackers because it reduces the baking time required to reach proper product moisture levels, and it reduces dough viscosity, thereby improving cookie spread (Guttieri et al 2008; Kweon et al 2011) . Cookie diameter decreases when dough viscosity is increased by oxidative cross-linking (Bettge and Morris 2007) . The increased viscosity reduces the rate and extent of cookie spread, which helps to explain variation in cookie diameter otherwise unexplained by WEAX content and high protein levels (Bettge and Morris 2007) . The sugar syrup sequestration owing to higher WEAX levels decreases dough plasticity and, together with increased bake-out time, contributes to the incidence of checking in cookie baking. Checking is the occurrence of stress fractures in low-moisture products that results from overbaking in an attempt to attain a low moisture content (Bettge and Morris 2007) . The lactic acid SRC and flour SDS sedimentation volume also provide information about viscosity and gluten strength, both of which are detrimental characteristics in most soft wheat products, particularly cookies ( 
Bread and AX
In the case of hard wheat products, especially leavened breads, the foam stabilization, viscosity, and high water-absorption properties of WEAX are highly desirable (to a point), with higher WEAX generally leading to higher loaf volume and quality, whereas higher WUAX has the opposite effect (Courtin and Delcour 2002) . The basis for the negative effects of WUAX and bran on gluten development and bread quality has been attributed to several possible factors, including water migration from gluten to AX and interference with gluten networks (Courtin and Delcour 2002; Li et al 2012) . However, addition of specific xylanases that convert WUAX to solubilized AX have the same generally beneficial effects for bread quality as increasing WEAX (Courtin et al 2001; Verjans et al 2010; Zheng et al 2011) . Thus, WUAX-specific xylanases are often added to bread formulations.
WEAX in particular has beneficial influences on bread quality, probably owing to several effects on dough and bread properties. One critical function of WEAX is their stabilization of protein foams against thermal disruption (Izydorczyk et al 1991) . The addition of WEAX to dough has been shown to increase the dough consistency and stiffen the dough (Jelaca and Hlynka 1972) . The stiffer dough is surmised to result in an increased baking absorption, although mixing times are generally only slightly increased, if at all (Jelaca and Hlynka 1972) . WEAX increases gas retention during baking as a result of slower diffusion of carbon dioxide (Hoseney 1984) . The dough foam is stabilized by the viscous nature of WEAX and subsequently stabilizes the liquid film around the gas cells (Gan et al 1995) . The end of oven rise is delayed by the stabilization of gas cells, which improves crumb homogeneity (Courtin and Delcour 2002) . A secondary, weak gel network that can reinforce the gluten network may be formed as a result of the high molecular weight of WEAX. The result of these complex interactions is an increased loaf volume (Delcour et al 1991; Courtin and Delcour 2002) . Loaf volume is maximized at an optimum level of WEAX, beyond which higher levels of WEAX cause the dough to become too viscous and consequently decrease loaf volume (Delcour et al 1991) . Also of critical importance are the character of the base flour used in the breadmaking process and the molecular weight of the AX molecules (Courtin and Delcour 2002) . After baking, AX has been shown to interfere with the intermolecular reassociation of amylose and amylopectin, decreasing retrogradation and increasing the shelf life of bread (Kim and D'Appolonia 1977) .
Conclusions
AX, nonstarch polysaccharide molecules, clearly have a unique structure, which contributes to their varied and important function in plant physiology and particularly end-use quality. The complex and heterogeneous structure leads to two distinct fractions based on water extractability. These two fractions, WEAX and WUAX, differ in their physical properties with respect to arabinose substitution and molecular weight. These structural and conformational differences result in varied influence on end-use quality. These relationships become more complex when ferulic acid coupling and oxidative cross-linking are considered. The genetic and environmental influences on AX molecules do not conclusively suggest complete genetic or environmental control over the abundance or structure of the AX molecules. Because of these varied results across many studies and the highly variable nature of AX influence over end-use quality, there is a wealth of research that may still be undertaken to further understand the complex nature of AX molecules.
